We report fabrication of size-controlled plasmonic nanoparticle arrays by which optically thin GaAs single junction solar cells are decorated. Ordered Ag and Al nanoparticles with average diameters of 60-150 nm and interparticle spacings of 100-300 nm were templated onto the window layers of the GaAs solar cells using nanoporous anodic aluminum oxide membrane templates. Near the surface plasmon resonances, 60nm-diameter Ag and Al nanoparticles serve as lightabsorbers so that non-radiative surface plasmon resonances reduce the photocurrent of the cells, which is improved by increasing the nanoparticle size. Photocurrent enhancements are seen at wavelengths longer than surface plasmon resonance which is maximized near the band gap edge of GaAs. These enhancements can be attributed to the increased optical path in the photovoltaic layers resulting from multi-angle scattering by the nanoparticles, while high scattering efficiency nanoparticles in turn increase the back scattering light out of the cell reducing the photocurrent.
INTRODUCTION
The large optical extinction of plasmonic nanoparticles near the surface plasmon resonance has potential to enhance the solar light harvesting for a variety of applications. In recent years, a close coupling of plasmonic nanoparticles to absorbing semiconductor has been utilized to enhance absorption in ultrathin film solar cells. [1] [2] [3] [4] [5] The extinction of the nanoparticles is defined as the sum of the scattering and absorption. For spherical nanoparticles in the quasistatic limit, the scattering and absorption efficiencies are: 
where the size parameter χ is the circumference of the nanoparticle divided by wavelength, and ε m and ε 1 are the permittivity of the medium and metal, respectively. [6] The radiation efficiency η rad is given by η rad ≡ Q sca /Q ext = Q sca /(Q abs +Q sca ). From the perspective of photovoltaic conversion, plasmon resonant absorption represents an unwanted loss process, but off-resonant enhanced scattering can yield increases in absorption and photocurrent collection. Since the optical property of the plasmonic nanoparticles sensitively depends on nanoparticle size and shape, proper morphological design of the nanoparticles is a requirement for achieving high efficiency plasmonic solar cells.
In this work, dense arrays of metal nanoparticles were templated using nanoporous anodic aluminum oxide (AAO) membranes onto optically thin GaAs solar cells. Anodic aluminum oxide has been widely used as a template for nanostructure formation since the nanopore diameter, density, and length can be controlled simply by varying the anodization and etching conditions. [7] [8] [9] [10] Hemispherical Ag and Al nanoparticles with average diameters of 60 nm, 110 nm, and 150 nm were formed onto the window layers of the GaAs solar cells and nanoparticle size effect on the photocurrent of the cells was investigated. Both Ag and Al nanoparticles had similar effects on the photocurrent responses of the GaAs cells; increasing the nanoparticle size caused the dominant scattering rather than the absorption near the surface plasmon resonances. Photocurrent was enhanced at wavelengths longer than surface plasmon resonances and the enhancement was maximized near the band gap of GaAs, which was quantitatively described by a calculated absorption in which multi-angle light scattering by the nanoparticles were taken into account.
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EXPERIMENT
The structure of a GaAs solar cell used in this work is shown in Fig. 1 . The cell was grown on (100) n-GaAs substrate by metalorganic chemical vapor deposition with Zn as the p-type dopant and Si as the n-type dopant. To clarify the photocurrent enhancement by plasmonic nanoparticles, optically thin GaAs solar cell, in which the photovoltaic layers are much thinner than the absorption length, was utilized. Compared to the high performance GaAs cells, the thickness of the p-n GaAs photovoltaic layers is less than 10% with the depletion layer thickness unchanged. [11] In addition, high band gap back surface field (BSF) layer of n-Al 0.8 Ga 0.2 As is formed to avoid carrier generation in the BSF layer. [12] The calculated absorption spectrum shows that half of the sunlight above the band gap of GaAs is absorbed by the pAl 0.8 Ga 0.2 As window and p-n GaAs photovoltaic layers. The remaining light transmitted through the layers is absorbed by the buffer layer and the substrate without carrier collection. After both front and bottom Au contacts were formed, the GaAs cap layer was selectively etched in 4: 1 citric acid (50%): H 2 O 2 (30%) solution, [13] Then ordered array of metal nanoparticles was directly deposited onto the window layer of the cell trough an AAO template by thermal evaporation. AAO templates having straight nanopores were fabricated through a two-step anodization of 4N-grade aluminum sheet. Anodization was carried out at 10 ºC in three different conditions; (1) malonic acid solution (referred to as "120V-AAO"). [14] The thickness of the AAO layer formed on aluminum sheet was controlled around 700 nm. Afterwards, the aluminum sheet was selectively removed in saturated iodine solution in methanol, and the bottom layer of the AAO was chemically etched in 5 % dilute solution of phosphoric acid (85 %) at 30 ºC to obtain a through-hole membrane. The through-hole AAO template about 4 × 4 mm 2 in size was then placed directly onto the window layer of the cell and Ag or Al was thermally evaporated, followed by removing the template and annealing at 200 ºC for 30 minutes in 5% H 2 diluted by N 2 . The height of the metal nanoparticles was controlled simply with the deposition thickness in the thermal evaporation process, which was 35 nm through 40V-AAO, 55 nm through 80V-AAO, and 75 nm through 120V-AAO, respectively.
The scanning electron microscopy (SEM) images were taken using an S-4100 scanning electron microscope (Hitachi) at 30 kV. The extinction spectrum was characterized using an SE850 elipsometer (Sentech) for the nanoparticle array formed on glass substrate through the AAO template. Spectral response measurements were carried out by shining -2 ) using a solar simulator. The exposed area of all the cells was limited to 3 mm × 3 mm by using a metal-mask. Figure 2 shows SEM images of the AAO templates and corresponding Ag and Al nanoparticle arrays formed on the GaAs solar cells. The AAO templates possessed the nanopores with 60nm-diameter and 1.0×10 10 cm -2 -density for 40V-AAO, with 110nm-diameter and 3.3×10 9 cm -2 -density for 80V-AAO, and with 150nm-diameter and 1.8×10 9 cm -2 -density for 120V-AAO. Evaporation of metal through these templates resulted in formation of metal nanoparticle arrays on top of GaAs solar cells with the same diameters and interspacings as the nanopores in the AAO templates. Ag and Al nanoparticles were uniformly deposited in the entire area where the AAO templates were placed. The morphology of Al nanoparticles remained unchanged after annealing at 200 ºC for 30 minutes, while annealing the Ag nanoparticles induced the structural changes to more hemispherical shapes relative to those immediately after deposition as shown in Fig. 3 . Annealing the Ag nanoparticles at temperatures well below the melting point of silver caused surface melting migration of Ag resulting in the restructured Ag nanoparticles with thermally stabilized shape, [15] while surface aluminum oxide layers might prevent the structural changes in Al cases. These structural changes of Ag nanoparticles are also seen in the extinction spectra for the nanoparticles formed on glass substrates [ Fig. 4 ]. In the spectra for as-deposited Ag and Al nanoparticles, the peaks are clearly visible at wavelengths corresponding to the surface plasmon resonance; 450 nm (40V-AAO), 500 nm (80V-AAO), 520 nm (120V-AAO) for Ag nanoparticles and 350 nm (40V-AAO), 400 nm (80V-AAO), 450 nm (120V-AAO) for Al nanoparticles. The absorpsion by the Ag nanoparticles at 360 nm is related to electronic interband transitions in Ag. [16] Annealing the Ag nanoparticles yielded the blue-shifted surface plasmon resonance, which can be understood qualitatively based on improvements in the symmetry of the nanoparticle shape, [6, 17] while annealing had no effect in the spectra for Al nanoparticles. In both Al and Ag cases, the surface plasmon resonances red-shifted and grew broader as the nanoparticle sizes are increased.
RESULTS AND DISCUSSION

Characterization of metal nanoparticle arrays
Considering the similar shape and aspect-ratio of the series of nanoparticles, the red-shifted peaks are chiefly attributed to the increase in the nanoparticle size, which are known to cause the shifts of the surface plasmon resonance to longer wavelengths. [3, 6] The broader peaks of larger nanoparticles imply that scattering rather than absorption dominates optical extinction in the larger nanoparticles. 
Photocurrent enhancements of the GaAs solar cells with metal nanoparticle arrays
The external quantum efficiency (EQE) for a reference GaAs solar cell (i.e., without metal nanoparticle array on top) is shown in the inset of Fig. 5(a) , which is in good agreement with the calculated absorption in Fig. 1 . In order to examine the photocurrent responses clearly, the EQEs of the nanoparticle-decorated GaAs solar cells are normalized by that of the reference cell [ Fig. 5(a) ]. Annealing the Ag nanoparticles significantly improved the EQEs in the wide range of wavelengths, while similar photocurrent responses before and after annealing were observed in Al cases. When annealed Ag nanoparticles through 40V-AAO are placed on the GaAs solar cell, the small nanoparticles serve as light-absorbers rather than light-scatters so that non-radiative surface plasmon resonance significantly reduces the incident light into the cell and the photocurrent. At wavelengths longer than the surface plasmon resonance, the normalized EQE is gradually increased and photocurrent enhancement relative to the reference cell is seen at the wavelengths below 660 nm with the maximum enhancement near the band gap edge of GaAs. At the cell with the medium Ag nanoparticles through 80V-AAO, the drop in the EQE at surface plasmon resonance is smaller and photocurrent enhancement is seen at the wavelengths below 600 nm due to the improved radiation efficiency of the nanoparticles. However, the cell with the large Ag nanoparticles through 120V-AAO shows the slightly decreased photocurrent response over a wide range of wavelengths relative to the reference cell. This response implies that the high scattering efficiency nanoparticles in turn increase the back-scattering light out of the cell reducing the photocurrent. The Al nanoparticles have similar effects on the photocurrent responses of the GaAs solar cells. The small Al nanoparticles also serve as light-absorbers, while the blue-shifted surface plasmon resonance improves the EQE relative to the small Ag nanoparticle-decorated cell. The decreased EQEs of the medium and large Al nanoparticle cells relative to the Ag nanoparticle cells indicate that more amount of the incident light is back-scattered by the Al nanoparticles.
In order to understand the role of the metal nanoparticle arrays on the GaAs solar cells more thoroughly, a simple model to represent the absorption enhancement in the photovoltaic layers with plasmonic nanoparticle arrays on top have been developed as follows. For simplification, we considered only the GaAs photovoltaic layers neglecting the Al 0.8 Ga 0.2 As window layer due to the similar refractive indices of GaAs and Al 0.8 Ga 0.2 As. When GaAs layers with thickness of L and absorption constant of α(λ) at free space wavelength λ absorb the incident light scattered by plasmonic nanoparticles at an angle θ with respect to the normal, the absorption fraction for the scattered light is:
accounting that the optical path in the GaAs layers is increased from L into L/cosθ. The total absorption fraction for the GaAs layers with plasmonic nanoparticle array with a surface coverage ξ is:
The surface coverage ξ was determined from SEM images. Values for Q ext and η rad were calculated for oblate ellipsoidal nanoparticles with a minor axis parallel to the normal in the quasistatic limit using an effective medium approximation for the complex dielectric function of the surrounding medium. We assumed that the structural change of Ag nanoparticles after annealing makes the effective nanoparticle central position lower to better fit the experimental results. The wavelength-dependent complex dielectric functions of metal and GaAs were obtained from Reference 18.
Particularly for Al nanoparticles, Q ext and η rad were calculated for concentric Al-Al 2 O 3 core-shell ellipsoidal nanoparticles with an Al 2 O 3 shell thickness of 4 nm accounting for surface oxidation of Al nanoparticles in the atmosphere. [19, 20] The reflectivity R at the air/GaAs interface is also accounted since the used GaAs cells had no antireflective coating. Assuming normal incidence of light into a GaAs layer, the wavelength-dependent reflectivity is written as: 
where N i is the complex refractive index of air or GaAs.
The computed normalized absorption spectra for the nanoparticle-decorated GaAs solar cells are shown in Fig. 5(b) . This model calculation well reproduces the experimental results qualitatively, including the enhancements at the band gap edge and the drops at the surface plasmon resonance. The drop extinction in photocurrent for the cells with larger metal nanoparticles is attributed to the significantly higher η rad than that for the smaller nanoparticle cases suppressing the absorption loss in the nanoparticles, also seen in the modeling result. Higher photocurrent enhancement at the band edge for the larger nanoparticle cells than for the smaller cells is reproduced in the modeling, caused mainly by the higher Q ext for the larger metal nanoparticles.
The I-V curves of the GaAs solar cells under one-sun illumination are given in Fig. 6 . The dense arrays of hemispherical nanoparticle give rise to losses in overall short circuit current density, while we have obtained the net photocurrent enhancement in the cells by adjusting the nanoparticle shape and array density. Another advantage of nanoparticle arrays is in apparent in the improvements in the fill factor (FF) for the nanoparticle-decorated cells, indicating the reduction in the surface sheet resistance. This effect can be expected in all solar cells that form Ohmic contact between the nanoparticle array and the cell window layer. 
CONCLUSION
We have demonstrated the size effect of both Al and Ag nanoparticles formed on the optically thin GaAs solar cells on the photocurrent enhancements of the cells. At the longer wavelengths than the surface plasmon resonances, scattered incident light by the nanoparticles results in the absorption enhancement in the photovoltaic layers of the cells thus photocurrent enhancement which is maximized near the band gap edge of GaAs. Our results suggest that nanoparticle shape and array density, in addition to nanoparticle size, are important factors in achieving net increased absorption in the solar cell. The GaAs solar cells used in this work consist of GaAs photovoltaic layers on absorbing GaAs substrate, meaning that this structure provide single optical path in the photovoltaic layers. In order to achieve further photocurrent enhancement in the GaAs solar cell, multiple optical path in the photovoltaic layers is needed to enhance the scattering effect by the nanoparticle array, which should be possible by combining plasmonic nanoparticle array with a GaAs solar cell which has greater refractive index contrast between the photovoltaic layers and a low index substrate layer underneath to provide for total internal reflection at the cell back interface and guided wave propagation in the cell photovoltaic layers. [21] 
